Chromosomal replication is a key event in the life cycle of a bacterium: a newborn cell must grow, replicate its genome, segregate the daughter chromosomes, form a septum, and divide. The astonishingly high accuracy with which this occurs reflects the coordination and precise control of these processes. For chromosomal replication, regulation is predominantly at the initiation stage; once a round of replication has commenced, chain elongation proceeds at a uniform rate, largely unimpeded.
The Escherichia coil chromosome contains a unique origin, termed oriC, where replication is initiated. DnaA protein, an essential component for initiation, binds to four 9-mer DnaA boxes within the oriC sequence. After binding to oriC, DnaA protein in the presence of architectural protein HU or intergration host factor (IHF) distorts the DNA (forming an "open complex"), causing unwinding of the strands in the nearby AT-rich region characterized bythree 13-mer tandem repeats. Recruitment of replisome components to the two forks of the open complex gives rise to bidirectional DNA replication (for reviews see Marians, 1992; Messer and Weigel, 1995) .
Two modes of control are needed for initiation from oriC. One form must guarantee that initiation occurs at the proper time. Replication is initiated at a precise time in the cell cycle and at intervals (interinitiation time) equal to the time required for one doubling of mass. The time required to replicate the genome, partition the daughter chromosomes, and prepare the cell for division totals approximately 60 min. As a consequence, cells with a generation time shorter than this period must initiate chromosomal replication for the next generation prior to completion of the ongoing round of DNA synthesis. Thus, multiple origins may exist in a single cell, and flow cytometry studies show that replication is initiated at the origins simultaneously (Skarstad and Boye, 1994 , and references therein). Most likely, synchronous initiations are not a requisite for normal cellular physiology, but are an outcome of the exquisite control exerted on replication (see below).
Assuring that the genome is replicated once and only once per cell cycle is the second facet of chromosomal replication control crucial to the viability of progeny cells. While the mechanism(s) responsible for coupling replication to the cell cycle remain largely unknown, considerable progress has been made in understanding how reinitiations (secondary initiations) are prevented through a process termed sequestration. Recent findings on sequestration are outlined below, and the identification of factors that may participate in the timing of primary initiations is discussed.
The Methylated State of oriC and Membranes in Sequestration
The methylation of oriC plays a central role in sequestration. The origin is highly enriched in GATC sequences, sites for methylation by DNA adenine methyltransferase (Dam methylase). Earlier studies demonstrated that damstrains are efficiently transformed with unmethylated oriC plasmids, but poorly so by those fully methylated (e.g., Russell and Zinder, 1987) . Additionally, membranes are capable of binding hemimethylated oriC in vitro and in vivo, but not fully or unmethylated oriC (Ogden et al., 1988) . A process termed sequestration was proposed: semiconservative replication of fully methylated DNA generates hemimethylated oriC sites, which become bound to the membrane. Being sequestered on the membrane, the recently replicated origins are inaccessible for reinitiation and are protected from methylation by Dam methylase for an extended period. The origins remain sequestered until conditions in the cell are no longer in the state necessary for initiation (i.e., the initiation potential has dropped below a threshold level). As such, sequestration would serve as a mechanism to prevent secondary initiations.
In support of this model, hemimethylated oriC plasmids are capable of being replicated in vitro, but not when bound to membranes (Landoulsi et al., 1990) , and cells with altered levels of Dam methylase contain abnormal numbers of origins, which may be indicative of reinitiations due to aberrant sequestration (Boye and L~bner-Olesen, 1990 ). The time necessary to methylate specific GATC sites fully within oriC and the promoter for the dnaA gene was shown to be longer than that for GATC sequences at other locations in the genome; nonorigin and non-dnaA promoter GATC sites are methylated rapidly after the passage of replication forks. In contrast, the two GATC sites examined in oriC and one in the dnaA promoter remain in the hemimethylated state for one third of the cell cycle and then are methylated with the rapid kinetics observed for the sites elsewhere in the genome (Campbell and Kleckner, 1990) . Sequestration of the promoter for the dnaA gene, which resides near oriC, causes a transient block in transcription of dnaA, which may contribute to the attenuation of the initiation potential. However, when the dnaA gene is placed under the control of the lac promoter so that the expression of dnaA cannot be blocked by sequestration, synchrony of initiations is maintained (referenced by Skarstad and Boye, 1994) . As such, sequestration of the dnaA promoter apparently is not crucial for the control of replication.
The Role of SeqA in Sequestration
The ability of fully methylated oriC plasmids to transform dam-cells efficiently was employed as a procedure to select for mutations in genes encoding factors involved in sequestration. Independent studies identified a gene, seqA, necessary for sequestration (Lu et al., 1994; von Freiesleben et al., 1994) . The seqA gene encodes a novel 181 amino acid protein (SeqA) that is not essential for cell viability. Sequestration is severely compromised in cells void of SeqA as determined by three criteria: the time required to remethylate GATC sites in oriC and the dnaA promoter is reduced from 13 min to 5 min, while the time for a site elsewhere in the genome is unaffected (Lu et al., 1994) ; the synchrony of initiations normally observed for multiple copies of oriC is largely lost in seqA-cells (Lu et al., 1994; yon Freiesleben et al., 1994) ; as expected from the selection process used, seqA-cells can efficiently propagate fully methylated oriC plasmids in the absence of functional Dam methylase. It is interesting to note that the persistence of hemimethylated oriC is decreased (to 5 rain) but not abolished in seqA-cells. This result, as well as the fact that analysis of the deduced sequence for SeqA fails to reveal characteristics of an integral membrane protein, suggests that at least one additional factor participates in sequestering recently replicated origins to the membrane.
SeqA protein has been pu rifled from extracts of overproducing cells (Slater et al., 1995 [this issue of Cell] ). Interaction of the purified SeqA protein with unmethylated, hemimethylated, and fully methylated oriC and non-oriC sequences was examined by electrophoretic mobility shift assays. SeqA exhibits strong interaction with a hemimethylated oriC fragment and a hemimethylated lacZ control fragment. The lack of specificity for the genetic composition of hemimethylated DNA (except for the presence of GATC sites) also suggests that other factors are required for the observed preferential sequestration of oriC and the dnaA promoter. SeqA protein also displays strong and sequence-specific affinity for fully methylated oriC; possible consequences of this interaction beyond the role of SeqA protein in sequestration are discussed below.
The PloriR origin of bacteriophage P1 is similar to oriC in that it has clusters of GATC sites nested among repeat elements and is subject to sequestration. A search for factors in cell extracts that bind the core, repeat-containing region of PloriR when the PloriR fragment is prepared from dam + cells, but not from dam-cells, resulted in the independent isolation of SeqA protein (Brendler et al., 1995) . Experiments utilizing different methylated forms of synthetic oligomers of the GATC-rich repeat element regions of oriC and P loriR demonstrated that the association is due to interaction with the hemimethylated forms of the fragments. In agreement with the finding of Slater et al. (1995) , SeqA shows little sequence specificity for the hemimethylated DNA. Perhaps as proposed, binding by SeqA does not cause the persistence of hemimethylated origins; instead, a prolonged hemimethylated state, brought on by some other factor or process, permits binding of SeqA (Brendler et al., 1995) .
In a different biochemical approach, hemimethylated oriC was used as a probe in DNA-binding protein blot assays of cellular membrane preparations to identify proteins responsible for binding hemimethylated oriC (Herrick et al., 1994) . A 24 kDa protein was the predominant component that bound hemimethylated oriC and is reported not to recognize unmethylated oriC. An expression library was screened, and the hobH (for hemimethylated origin binding) gene was cloned. Although almost identical in size, HobH and SeqA proteins are clearly distinct. Cells with a disrupted hobH gene are reported to have partial loss of synchrony of initiations, an indication of a possible role for the HobH protein in sequestration (Herrick et al., 1994) . However, others examining hobH::kan mutants have observed neither irregular synchrony of initiations nor aberrant cell growth (Slater et al., 1995) .
Regulation of Primary Initiations at oriC
How the time of primary initiations is set within the cell cycle is unclear. Nevertheless, factors that appear to be involved in this process have been the subject of recent studies. Included among these is the methylated state of oriC, SeqA protein, a DnaA protein inactivating factor, and acidic phospholipids.
Dam Methylation
The interinitiation time of cells deficient in Dam methylase is variable (Boye et al., 1988; Bakker and Smith, 1989) , and the abnormal number of origins seen in cells with altered levels of Dam methylase (Boye and L~bner-Olesen, 1990 ) may result not only from perturbed sequestration but also from random timing of initiations. Thus, independent of its function in sequestration, Dam methylation of oriC appears to be involved in the control of primary initiation within the cell cycle. Genetic studies suggest that oriC in a fully methylated state is beneficial for initiation. Disruption of dam aggravates the temperature-sensitive lethality of cells compromised for initiation, such as those carrying mutations in dnaA (Lu et al., 1994) . Additionally, while cells overproducing SeqA protein are viable, overproduction in cells lacking Dam methylase is lethal. How Dam methylation positively affects initiation remains unknown. Although direct interaction of the methylase with initiation factors is possible, there is no evidence to support this. It is also possible that other initiation factors, perhaps DnaA protein, can act better upon fully methylated origins (e.g., data indicate that methylated DNA is more easily unwound) or that fully methylated origins somehow participate better in the development of the initiation potential.
SeqA
In contrast with the positive role of Dam methylation in initiation, SeqA seems to modulate primary initiations negatively. Loss of an intact seqA gene diminishes the temperature-sensitive phenotype of dnaA ts alleles, even when the severity of the dnaA mutation is increased by mutations in other genes. Conversely, overproduction of SeqA protein is deleterious to temperature-sensitive dnaA mutants and is able to suppress the hyperinitiation phenotype seen with the dnaA c°~ mutant (Lu et al., 1994; yon Freiesleben et al., 1994) . Inasmuch as this detrimental effect on initiation can be seen in the absence of Dam methylation (i.e., in a dam-background), the inhibitory action of SeqA is independent of its function of binding hemimethylated DNA in sequestration. It has been suggested that in regulating primary initiations, SeqA protein is a direct modulator of the initiation activity of DnaA protein, with DnaA activity being enhanced in the seqA mutant (von Freiesleben et al., 1994) . With the availability of purified SeqA protein, this hypothesis will surely be tested.
Another model proposes that SeqA directly binds oriC to oppose the formation of an open complex as a means of negatively modulating initiation (Lu et al., 1994; Slater et al., 1995) . Recent studies with purified SeqA protein support this suggestion. Besides binding to hemimethylated DNA fragments, regardless of their genetic composition (i.e., origin and nonorigin), SeqA in a sequencespecific fashion binds fully methylated oriC (Slater et al., 1995) . Gel retardation assays with fully methylated, relatively large fragments from different regions of oriC reveal that sequence determinants found in the left portion of the origin, the region that participates directly in the duplex melting of an open complex, are critical for SeqA binding. It is this same left region of oriC, when hemimethylated, that is protected by cellular membranes during treatment with DNase I (Herrick et al., 1994) . The observation reported elsewhere that purified SeqA shifts only hemimethylated, but not fully methylated, oriC is apparently due to the use of a fragment corresponding to only a small portion of the origin (Brendler et al., 1995) . Potentially conflicting data that need to be resolved are that SeqA is unable to shift unmethylated oriC, even at very high levels of protein (Slater et al., 1995) and, as such, should not have an effect on open complex formation in dam-cells. This needs to be reconciled with the observation that overexpression of seqA is deleterious to cells lacking Dam methylase (Lu et al., 1994) . Knowledge of how purified SeqA footprints on fully methylated oriC and its inclusion in in vitro replication reactions will help determine whether SeqA protein restrains open complex formation or whether it acts at a different stage to inhibit replication.
The interaction of membranes with the different methylated states of oriC has been examined (Slater et al., 1995) . The membrane-oriC association is absolutely dependent on SeqA protein. Equally efficient association is seen when the membranes are prepared from dnaA= cells, so DnaA protein is not required for the recruitment of SeqA or oriC to the membrane. Only the hemimethylated form is able to interact, in agreement with the results from DNase I footprinting studies (Herrick et al., 1994) and filter retention assays (Ogden et al., 1988; Chakraborti et al., 1992) . The low level of SeqA protein found in membrane preparations may explain why purified SeqA is able to bind fully methylated oriC efficiently while the membrane preparations were not (Slater et al., 1995) . However, the possibility that the action of SeqA may be altered when SeqA is in the context of the membrane needs to be considered.
DnaA.Inactivating Factor
There is substantial data to suggest that the activity of DnaA protein is a major determinant in the timing of initiations in the cell cycle. In vitro, tightly bound ATP and ADP have a profound influence on DnaA protein; the ATPbound form of the protein is active for initiation, while the ADP-bound form is inert. A regulated balance between the two forms in vivo would provide a means for controlling replication. A factor found in cell extracts inactivates DnaA protein for initiation in vitro specifically at oriC (Katayama and Crooke, 1995) . A mechanism for this inactivation may involve enhanced hydrolysis of the ATP tightly bound to DnaA protein, thus stimulating the generation of inactive ADP-DnaA protein. Supporting this hypothesis, DnaA protein treated with the factor, while inactive for initiation at oriC, is unaffected in its capacity to participate in the formation of a primosome at another site, a site where both the ADP-bound and ATP-bound forms of DnaA protein are known to be equally active. Additionally, DnaA °°s protein is unable to bind ATP and ADP, and as such, these nucleotides cannot influence the activity of the mutant protein. Strikingly, the ability of DnaA ~°s protein to initiate at oriC is not affected by exposure to the inactivating factor (Katayama and Crooke, 1995) . Details on how DnaA is altered await the isolation of the inactivating factor.
Acidic Phospholipids
ADP-DnaA protein can be rejuvenated to ATP-DnaA in vitro by a concerted action of acidic phospholipids and oriC (referenced by Xia and Dowhan, 1995) . Recent genetic studies indicate the physiological importance for acidic phospholipids in controlling replication (Xia and Dowhan, 1995) . Cells that are depleted of acidic phospholipids are arrested for growth. However, the growth arrest is suppressed if a mutation in mhA (the gene encoding RNase A) is introduced into the cells. Under these conditions, RNA in RNA-DNA duplexes persists at multiple sites in the genome and thus can serve as primers for DnaA and oriC-independent constitutive stable DNA replication. This indicates a dependency of normal initiations on acidic phospholipids and suggests that the primary site of growth limitation in acidic phospholipid-deficient cells is the inability to activate DnaA protein through phospholipid rejuvenation.
Concluding Remarks
Sequestration assures that reinitiation of recently replicated origins is prevented. An additional mechanism(s) must exist to prevent initiation between the end of sequestration and the proper time for initiation, roughly two thirds of a cell cycle later. The attenuation of the initiation potential after a round of initiation and its development prior to the next round may well be a continual summation of numerous positive and negative factors and processes: when the positive effects outweigh the negative restraining effects, a threshold level is obtained and primary initiation occurs. Knowledge gained from the identification of regulatory factors and descriptions of how they behave and a better understanding of the properties of the template DNA will help in defining the regulation of chromosomal replication.
